We aimed to establish a highly sensitive method for measuring visual function using spatial-sweep steady-state pattern electroretinography (swpPERG). Overall, 35 eyes of 35 healthy adults (18 men; mean age, 32.3 years) were examined using swpPERG, and the data were recorded using spatialpatterned and contrast-reversed stimuli of size 1 (thickest) to 6. Data were converted into frequencydomain using a Fourier transform and expressed by signal-to-noise ratio (SNR). The number of participants who showed SnR ≥ 1 was significantly lesser at stimulus sizes 5 and 6 compared with those at greater stimulus sizes. Among the data with SnR ≥ 1, SNRs were negatively correlated with age at stimulus size 5 (r = −0.500, P = 0.029), and positively correlated with macular volume evaluated by optical coherence tomography (OCT) within a 6-mm circle diameter from the fovea of the retinal nerve fibre layer at size 4 (r = 0.409, P = 0.025) and of the ganglion cell layer at size 5 (r = 0.567, P = 0.011). We found that SNRs of swpPERG, recorded using the EvokeDx system, were correlated with age and macular morphology in participants without diagnosed eye diseases. the system detected subtle differences in retinal function, which may help in early disease diagnosis and visual evaluation in neuroprotective interventions in the future.
as symptoms 8 has recently attracted attention. A paradigm shift towards early diagnosis for preventive therapy requires sensitive and objective methods that can detect visual changes among people without symptoms or eye disease diagnosed by current methods. Moreover, clinical studies on interventions to preserve or improve the retinal neural condition by neuroprotective drugs 9 , gene therapies, and stem cell therapies 10 for retinal degeneration such as dry AMD and hereditary retinal degenerations may require the detection of subtle differences in visual function.
Here, we report the usage of spatial-sweep steady-state pattern electroretinography (swpPERG) to detect subtle changes and variations of visual function among healthy adults with no diagnosed eye diseases. The system presents the spatial pattern (horizontal grating) images with contrast-reverses in time at 7.5 Hz (15 reversals per second) to record the ERG responses. This stimulus maintains a constant space-average luminance so that the scattered light produced in the eyeball by the optical media does not change over time, and, therefore, does not elicit a response from the retina beyond the area directly stimulated by the patterned field. The averaged complex waveform is converted to the frequency-domain using a Fourier transform to deconstruct the complex waveform into its frequency components to identify objective measures that capture the entire set of information in the response for analysis, instead of only a few time points [11] [12] [13] . Then, responses corresponding to the 10 Hz stimulus are expressed as signal-to-noise ratio (SNR). Thus, the influences of noise (produced by eye movements and other electromagnetic fields in the testing environment) can be excluded from the data for analysis 14 . A similar system using the spatial sweep in the visual evoked potential technique was first described by Zemon et al. 14 . However, the usage of swpPERG is scarcely reported. Thus, the current study aimed to use swpPERG to identify these subtle changes in visual function.
We believe that quantifying changes in visual function via swpPERG in people without symptoms or diagnosed disease could aid in early diagnosis of retinal conditions and evaluating treatment effects in the clinic. It will also help aid future clinical studies that require quantification in visual function such as studies on early diagnosis and neuroprotection.
Results
Among 35 adults, 18 (51%) were men ( Table 1 ). The mean age was 32.3 ± 7.6 years (range 22-48), the best-corrected visual acuity (BCVA) was −0.079 in LogMAR among all participants, and the mean refractive error was −2.3 ± 2.1D (range −5.9 to + 1.4D). The mean SNR at stimulus size 1 (thickest), 2, 3, 4, 5, and 6 ( Fig. 1 ) was 1.63 ± 0.68, 1.80 ± 0.84, 1.82 ± 0.86, 1.83 ± 0.91, 1.27 ± 0.72, 0.71 ± 0.48, respectively (Table 1) ; the mean SNR at stimulus size 6 was lower than that at stimulus size 1 (P < 0.001). The degree of visual function was defined as follows: the value of SNR represented the ability of visual function when SNR ≥ 1, and the data with SNR < 1 shows that signals from the eye were smaller than noise, and the signal was considered undetected. SNR ≥ 1 was observed in 31 eyes (89%) at stimulus size 1, 28 eyes (80%) at stimulus size 2, 30 eyes (86%) at stimulus size 3, 30 www.nature.com/scientificreports www.nature.com/scientificreports/ eyes (86%) at stimulus size 4, 19 eyes (54%) at stimulus size 5, and 4 eyes (11%) at stimulus size 6 ( Fig. 2 , Table 2 , P values are shown in the table). The number of participants who showed SNR ≥ 1 was significantly lesser at stimulus sizes 5 and 6 compared with those at greater stimulus sizes (Table 2 ). Furthermore, participants showed SNR ≥ 1 less frequently at stimulus size 6 than that at stimulus size 5 ( Table 2 , P < 0.001). The results suggested that the response was masked by the noise, and not detected in more participants at thinner stimulus sizes. This is most likely because thinner stimuli were difficult for some participants to respond to. Participants with SNR < 1 were significantly older than those with SNR ≥ 1 at respective stimulus sizes of 1 and 4 ( Table 3 , P = 0.012, and 0.049, respectively). Other stimulus sizes showed a similar trend. In addition, there was a significant negative correlation between SNR and age at stimulus size 5 among participants with SNR ≥ 1 (Fig. 3 , r = −0.500, P = 0.029). At stimulus sizes 3 (r = −0.308, P = 0.097) and 4 (r = −0.312, P = 0.093), there were trends of negative correlations between SNR and age (Supplemental Table 1 ). Taken together, older participants showed smaller visual signals, and resulted in obtaining SNR < 1 more frequently. There were no differences in the SNR between males and females, and no relationships between SNR and refractions (data not shown).
We then analysed the correlations between SNR and retinal neuronal volume as evaluated by 3 dimensional OCT images using the data of participants whose SNR was over 1 (Supplemental Table 2 ). We found a positive correlation between SNR and retinal nerve fibre layer (RNFL) volume at stimulus size 4 (Supplemental Table 2 , Fig. 4a , r = 0.409, P = 0.025) and SNR and ganglion cell layer (GCL) volume at stimulus size 5 (Supplemental Table 3 , Fig. 4b , r = 0.567, P = 0.011). Moreover, the RNFL volume of the participants who had SNR ≥ 1 at stimulus size 6 was significantly greater than hat who had SNR < 1 ( Table 4 ).
Discussion
In this study, we demonstrated that visual function measured by swpPERG using the EvokeDx ® system showed variations of SNR among healthy adults, in particular, in those with smaller stimulus sizes. We found a negative correlation between SNR and age, and a positive correlation between SNR and RNFL, and SNR and GCL volumes as measured by OCT. www.nature.com/scientificreports www.nature.com/scientificreports/ An SNR ≥ 1 corresponds to visual function. however, SNR < 1 indicates that noise is exceeding the visual response; thus, visual response is undetectable. Data from participants with "undetectable" visual responses was obtained, indicating that, even in the healthy adults, there were variations or subtle differences in the visual function among individuals as confirmed by using the EvokeDx ® system. Moreover, undetectable results were obtained at smaller stimulus sizes, which is a plausible result.
The mean age was significantly older in participants with SNR < 1, where in the visual response was undetectable. In addition, among the participants who showed a detectable response, there was a significant negative correlation between SNR and age at stimulus size 5. These results suggested that age-related reduction in visual responses among those without diagnosed diseases can be detected by swpPERG measurements using the EvokeDx ® system. In particular, stimulus size 5 was thin and sensitive enough to detect the differences. In contrast, most participants well responded to thicker stimuli irrespective of age, and stimulus size 6 was too thin and many of the participants did not respond to, thus, no differences were shown between individuals.
An age-related reduction in visual response was reported in adults over 50 years of age using the ordinary scotopic ERG 15 . In the current study, age-related visual changes were observed among the younger participants (aged 22-48 years) by swpPERG using the EvokeDx ® system. This was consistent with the fact that the number of retinal cells, such as photoreceptor cells [16] [17] [18] [19] and ganglion cells 20 , decline with age. Additionally, age-related retinal changes regarding macular pigment levels as measured by macular pigment optical density have been reported 21 .
Positive correlations between SNR and the macular RNFL and GCL volumes were shown in participants with SNR ≥ 1. Also, participants who showed SNR ≥ 1, and did respond to the smallest stimulus, had significantly greater RNFL volume. Because the swpPERG data were obtained under photopic condition, the responses most likely reflect the function of macular area. Pattern ERG is generally supposed to reflect at least ganglion and inner retinal function 22 as shown in animal experiments in which chemical suppression of synaptic transmission showed reduction in responses 23 . However, whether swpPERG can assess the condition of the inner retina remains to be clarified. In the current study, we found that function was related to the volume of neural tissue, which supports this idea. The impact of SNR on representing inner retinal function should be studied in the future through measurement in patients with inner retinal degenerative diseases.
The swpPERG measurements have distinct advantages such as using the EvokeDx ® system do not require dilating the pupils, wearing contact lenses for attaching electrodes, and performing after dark adaptation and in a dark room. The time to assess is also relatively short. This measurement could also be valuable in the field of paediatric ophthalmology, which has considerable practical implications when dealing with young patients.
This study has some limitations. We had a relatively small sample size, participants were relatively young, and we did not evaluate subclinical cataract, if any. Nonetheless, there were variations in visual function among individuals and the EvokeDx ® system detected them.
The SNR as determined on ERG recorded using the EvokeDx ® system were correlated with age and macular volume in healthy adults. The system detected slight differences in visual function related to age and/or retinal morphological variations. Future study incorporating the system will help early diagnosis and neuroprotective studies that require the detection of slight differences in visual function. 
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